The recycling of nutrients during organic That vertebrate carrion decomposition is matter decomposition has long been rec-an important pathway for nutrient cycling ognized as an important component of the has been demonstrated in at least one sysfunctioning of aquatic ecosystems. As a re-tem: freshwater streams containing popusult, considerable knowledge has developed lations of salmon, Oncorhynchus spp., in on the pathways and processes by which the western U.S. and Alaska. determined that salmon transport of ter is decomposed in oceans, streams, and marine-derived nitrogen into Sashin Creek, lakes. However, recent studies and reviews Alaska, was the predominant source of N on nutrient dynamics in aquatic ecosystems available to the stream's trophic structure have noted that, while animals can signifi-following the death and decomposition of cantly influence nutrient cycling processes salmon. Richey et al. (1975) observed a nu-(e.g. Andersson et al. 1988) , relatively little trient pulse and an increase in primary proinformation is available on the decompo-duction during a period of peak salmon carsition of animal matter.
rion decomposition in Taylor Creek (Lake Tahoe, Nevada). Cederholm and Peterson (of which we are aware) on vertebrate carrion decomposition processes in aquatic environments. Minshall et al. measured rates of carcass mass loss of rainbow trout (Oncorhynchus mykiss) in Mink Creek, Idaho, and found that it took 50 d in summer and > 120 d in winter (mean carcass mass -130 g). Kitchell et al. (1975) examined mass changes and P losses during decomposition of bluegill sunfish carcasses (Lepomis macrochirus) in Lake Wingra, Wisconsin. These carcasses, ranging in size from 12-20 g of live mass, exhibited seasonal differences in mass loss rates (faster in summer, slower in winter) and ultimately released only 50% of their whole-body P (the balance remaining in bones and scales). Other studies of carrion decomposition associated with aquatic ecosystems have focused on marine invertebrate/microbial communities on oceanfloor whale carcasses (Smith et al. 1989) or on carrion-arthropod assemblages in experimental water tanks (Payne and King 1972) and in terrestrial seashore environments (Norrbom 1 9 8 3; Lord and Burger 1 9 84a, b). The purpose of our research was to quantify nutrient cycling variables (mass loss rates and nutrient loss sequences) during the decomposition of two common vertebrates associated with aquatic ecosystems: fish and waterfowl. We selected these two groups because fish have been considered to be a major nutrient storage pool in some aquatic ecosystems (e.g. Kitchell et al. 1979; Andersson et al. 1988) , and waterfowl, although not previously studied, could at least theoretically serve as a major nutrient pool in certain wetlands, rivers, and lakes supporting large waterfowl populations. We also compared our results of vertebrate carrion decomposition with published data from plant litter decomposition and examined differences in overall mass loss rates and nutrient loss sequences between these two groups of organic materials.
Methods
Our experiments were performed in 1987-1988 in a freshwater marsh located 10 km southwest of Kemmerer, Wyoming (41°43'0"N, 1 10°37'O"W; elevation, 2,200 m). It is a high-elevation, cold desert ecosystem, dominated by sagebrush-steppe vegetation. Precipitation, mostly snow, averages 226 mm yr-', and mean monthly temperatures range from -8°C in January to 17°C in July.
The study site was located in a 1-ha impoundment that had a stable, year-round water level. Emergent vegetation along the shorelines was dominated by cattails (Typha sp.) and bulrushes (Scirpus spp.). Maximum depth in the center of the marsh was 2 m. Winter ice-and snow-pack covered the marsh from November to April. An important factor in selecting this marsh was a lack of amphipods (gammarids) or decapods (crayfish). These invertebrates are well known for their scavenging abilities, and their presence would have made comparisons of our results to other study sites difficult.
We obtained 1 5 carcasses each of rainbow trout (0. mykiss) and pintail duck (Anas acutas) from the Utah Department of Natural Resources. The fish (84-156 g of wet mass) and waterfowl carcasses (645-960 g of wet mass) were frozen (-20°C) until placement in the field. Freezing of vertebrate tissues causes some disruption of internal cell structures, which, in terrestrial situations, slightly favors aerobic decay over anaerobic putrefaction during the early stages (first several days) of decomposition (Micozzi 1986) . This difference has been attributed to inhibition (by freezing) of internal bacteria and an increased tendency for terrestrial arthropods (beetles, flies) to successfully penetrate the carcass skin (Micozzi 1986) . We acknowledge the possibility that short-term decomposition of frozen carrion may differ from that of fresh carrion, but we have assumed that these cryogenic effects would have little influence on the longterm decomposition rates and nutrient loss sequences examined here.
Fish carcasses (n = 12) were placed individually in V-shaped troughs (30 cm long, 8 cm high) made of metal window-screen (1-mm mesh). The troughs with fish carcasses, in turn, were inserted right-side up into a tubular frame of metal hardware cloth (12.5-mm mesh) and placed on the marsh bottom in 1 m of water. The wire tubes facilitated carcass retrieval and protected them from vertebrate scavengers. The placement sites were among the stands of emergent vegetation, -8-10 m from shore. A nylon cord, leading from a stake on shore, was tied to the tubular frame to ensure subsequent relocation of the carcass. Three additional carcasses served as pretreatment controls.
Waterfowl carcasses (n = 12) were placed individually in wire cylinders (0.5-m diam by 1.3 m high) made from chicken fencing (25-mm mesh). A screen basket (1-mm mesh) was built into the bottom of the cylinder to collect sinking carcass parts. The cylinders were also placed in stands of emergent vegetation, 8-10 m from shore, in 1 m of water. The carcasses were allowed to float freely within the confines of the cylinder until they eventually sank. Three additional carcasses served as pretreatment controls.
Carcasses were placed in the marsh on 10 July 1987. Randomly selected carcasses (n = 2 per sample period) of each type were collected periodically through summer and fall 1987, with the final sample pairs being collected in May 198 8 (following ice-melt). At the time of each collection, wet carcass mass was measured in the field, and notes on carcass condition were recorded. Attendant arthropods were collected from the carcasses, preserved in 70% propanol, and later identified in the laboratory. Dipteran larvae collected from floating waterfowl carcasses were taken alive and reared in the laboratory so that adult flies could be identified.
At the time of collection, we measured surface and bottom water temperatures and dissolved oxygen content with a YellowSprings dissolved oxygen meter and probe. We also collected mixed-column water samples near the sites of the carcasses. In the laboratory, water samples were analyzed for pH, conductivity, total P, and total N via standardized laboratory procedures (Am. Public Health Assoc. 1980).
When carcasses were returned to the laboratory, they were oven dried to constant mass at 50°C. Dried carcasses were weighed and finely ground with a Wiley mill. Three replicate samples of the ground carcasses were then analyzed for total N, by the Kjeldahl method and for Ca, K, Mg, Na, P, and S with an inductively coupled argon plasma instrument by means of standard digestions and analytical procedures. All carcass chemical analyses were performed by the Soil Testing Laboratory at Utah State University.
As recommended by Wieder and Lang (1 982), dry-mass losses from the carrion were fit to a double-exponential decomposition model of the form where PMR is the percentage mass remaining, A is a constant, k, are decay constants, and t is time (d). Parameter estimation for each data set was performed with the SAS statistical package (Helwig and Council 1979) .
Results
The marsh environment -During the first 7 weeks of the study (July and August 1987), the water column at the study site in the emergent vegetation exhibited distinct stratification ( Fig. 1) . Temperatures at the surface were 2"-5°C warmer than those on the bottom, even though the total depth was only 1 m. Similarly, dissolved oxygen values averaged 6 ppm higher in surface waters compared to the bottom. Total P and N values for mixed water-column samples remained relatively low.
In late August, cooling temperatures and high winds (associated with thunderstorms) facilitated turnover, increasing the dissolved oxygen concentration on the marsh bottom ( Fig. 1) . Total P and N values also exhibited substantial (3-fold) increases. Conductivity and pH values remained relatively constant throughout the year. The first major snowstorm arrived on 14 November; within a week, an ice-pack had formed on the marsh. Ice remained until mid-April 1 98 8.
These observed changes in temperature and dissolved oxygen concentrations were important in that, during the early stages of the experiment, carcasses on the marsh bottom (all fish, some waterfowl) were subjected to a cooler and essentially anoxic environment, while those waterfowl carcasses that floated on the surface were in a warmer, oxygen-rich environment. Following turnover in August, environmental conditions were more similar for all carcasses.
Carrion decomposition -In the first few days of the study, both fish and waterfowl carcasses showed only a slight tendency to bloat. We had noted that, during placement of the carcasses in the marsh, fish carcasses would not float, and after several days in the marsh, they had still failed to generate sufficient gas to make them buoyant. The waterfowl, however, floated on the water's surface for 45-60 d and appeared to bloat somewhat during the first week. At this time, numerous flesh flies (Sarcophagidae) and blow flies (Calliphoridae) laid eggs on the floating canion, creating hundreds of fly larvae that appeared to consume substantial amounts of soft tissue. We were unable to determine the fate of these larvae; some may have successfully completed development and migrated to shore (a capability noted by Payne and King 1972) , while others presumably drowned when the carcasses eventually sank (e.g. Smith 1986 ). Other terrestrial insects were occasionally observed on the floating waterfowl carcasses, including houseflies (Muscidae) and several beetles (Histeridae, Saprinus sp., and Silphidae, Nicrophorus sp.). No aquatic insects were found in association with the fish or waterfowl carcasses.
Most of the decompositidn activity took place in the first 60 d of the experiment. Both fish and waterfowl carcasses exhibited rapid initial mass losses, followed by a prolonged period of much slower mass loss (Fig.  2) . Fish carrion lost more of its initial mass than did waterfowl. Fish mass loss data were described by the double-exponential model
The first term of this equation accounted for nearly all of the mass loss (flesh 'and internal organs); the second, smaller term (whose effect was imperceptible in Fig. 2 ) described the slower loss of recalcitrant materials (scales and bones).
In contrast, waterfowl mass loss data were best described by a model in which the second term became a constant,
The waterfowl mass loss data (Fig. 2) show a trend of increasing mass after the first 2 months of the experiment. We partially attribute this to a luxuriant growth of algae on the floating carcasses during late summer and early autumn. As it was impossible to separate these algal populations from the carcass remains, the latter samples included the algal mass' and nutrients. Although there was certainly a large amount of waterfowl carcass remaining during these sampling periods, the autumn and spring values were clearly overestimates of the true remaining waterfowl mass.
Nutrient losses-The rates and sequences of nutrient losses from both fish and waterfowl carrion were dependent on the tissues in which the various nutrients were incorporated. The most rapidly lost nutrients were K, Na, and N. K and Na, both common constituents of blood and interstitial fluids, exhibited extremely rapid loss rates, presumably due to leaching activity (Fig. 3) . N, found predominantly in soft-tissue proteins, also left the carcass quickly (Fig. 2) . S, a more widely distributed element in animal bodies but commonly found in muscle tissue, was lost rapidly from fish carrion, but not from waterfowl carrion (Fig. 3) . This difference could be attributed to the greater proportion of body mass devoted to muscle tissue in fish compared to waterfowl.
In contrast, elements principally associated with bone materials (P, Ca, and Mg) were much slower in leaving the carcasses. In fish samples, only 60% of the original P was lost during the study (Fig. 2) , while practically none of the Ca and Mg was lost (Figs. 2, 3 ). Note that, in waterfowl carcasses, P, Ca, and Mg quantities actually increased; presumably, this increase (like the total mass value) was due to Ca precipitation and the growth of algal populations on the carcasses.
In general, the sequence of nutrient losses from both fish and waterfowl carrion was K > N a > N > S > P > C a ' M g . A s a r e s u l t of these differential nutrient loss rates, the elemental composition of the carcasses changed through time (Table 1) . These changes reflect the proportional mass increase of bones and scales/feathers in the remaining carcasses. Because these materials are resistant to biological decomposition processes, a total breakdown of the remaining carcass parts may take considerable time.
Discussion
Decomposition rates: Carrion vs. plantsDecomposition of plant materials in aquatic ecosystems has been viewed as a three-stage process (Webster and Benfield 1986) : an initial, rapid leaching of certain salts and minerals, followed by microbial decomposition and tissue conditioning, and finally fragmentation by invertebrates and physicaV mechanical processes. Our results demonstrate that carrion decomposition follows a somewhat similar pattern, in that vertebrate carcasses exhibit a rapid loss of salts (90-95%K, 60-90% Na) during the early stages of decay, presumably due to leaching. Mi- crobial activity in decomposing carrion in-process at any time by consuming part or creases rapidly, depleting sources of N, P, all of the carcass. In environments with amand S. Finally, when only bones remain, phipods, crayfish, and other invertebrate and decomposition is dominated by the much vertebrate scavengers, mass loss rates from slower process of physical/mechanical carrion should be even higher than the rates breakdom and chemical dissolution. The we observed. obvious exception to the plant-litter sePlant litter in aquatic ecosystems is often quence is that scavenging organisms, if pres-subjected to attack by invertebrates, notably ent, could accelerate or interrupt the decay insect larvae (Anderson and Sedell 1979). ----------------------- A major function of aquatic invertebrates and blow fly larvae developing on the floatduring plant litter decomposition is pro-ing waterfowl carcasses. Those insect larvae gressive decimation of whole leaves and that were unable to escape the aquatic entwigs into smaller fragments. Invertebrate vironment would ultimately drown and be activity on animal carrion produces a sim-decomposed. Insect carcasses are known to ilar result, in that a carcass is perforated and decompose rapidly in aquatic environfragmented by scavenging organisms. Al-ments, due largely to the actions of saprothough we found no aquatic invertebrates legniaceous fungi (e.g. Golini and Sherry feeding on either the fish or waterfowl car-1979). rion, we did observe hundreds of flesh fly In their review of vascular plant decom- found that aquatic macrophytes in the fam-composition, carrion and plant materials ilies Hydrocharitaceae, Gentianaceae, show both similarities and differences in nuNymphaeaceae, and Najadaceae decom-trient loss sequences (Table 2) , which can posed most rapidly, exhibiting k values in be attributed to the tissue types in which the range of 0.03-0.05; other nonwoody and each element is found. Na and K are exwoody plants decayed more slowly (k values tremely leachable and are among the first of 0.001-0.02; see figure 1 of Webster and elements to leave both plant litter and anBenfield 1 986). imal carrion. However, N losses from the In contrast to these plant decomposition exposed, soft tissues of a vertebrate carcass data, our results from vertebrate carrion occur more rapidly than losses from plant showed that the labile components of car-materials. In plants, nitrogenous proteins casses decompose more rapidly than most are often protected inside the plant's ligniplants (k values of 0.06 1 for fish, 0.058 for fied cell walls, requiring time for microbial waterfowl; see equations 2, 3). This rapid activity to reach them. Conversely, the Mg decomposition may be attributed to the high in a carcass, along with a considerable fracnutrient quality of the carrion as a substrate tion of the total P, is bound up in bone tissue for microbial activity. N and lignin content and is cycled much more slowly than the have been considered to have an important Mg and P in plant tissues. Ca losses from effect on decay of plant litter, with species decomposing plants and animals appear to rich in N, low in lignin, or both decaying be similar in that this element is one of the faster than N-poor/lignin-rich materials. last to be cycled. S in fish carrion tends to Fish and waterfowl carrion, with an 8-10% be lost at the same rate as total dry mass, total N content (Table 1) and no lignin, pro-but is more stationary in waterfowl carrion. vides an exceedingly rich and accessible Carrion decomposition and nutrient budsource of nutrients for microbial growth and gets-Vertebrate carrion can be a locally reproduction and exhibits very high rates of abundant, readily available source of nutri- 
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Oncorhynchus mykiss Marsh ents. As P can be a limiting nutrient to aquatic ecosystem productivity, one ramification of the process of vertebrate carrion decomposition is that some P is effectively removed from biotic utilization. A substantial portion (40%) of the total fish P (Fig. 2) remains immobilized in the bones, and these carcass remnants, along with scales, eventually sink and are incorporated into the benthic sediments. Kitchell et al.
( 1 975) calculated that decomposition would cycle only 50% of fish carrion P. Based on our carrion decomposition data and those of Kitchell et al.
(1 975), we suggest that aquatic vertebrate wildlife may serve functionally as a nutrient sink for P and certain other elements (Ca, Mg) rather than as a recyclable storage pool of nutrients. We also note, however, that in soft-water or acidic systems, chemical dissolution of bony materials may proceed more rapidly and effectively recycle a larger proportion of these recalcitrant elements.
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The influence of aquatic vertebrates, principally fish, on nutrient budgets in aquatic ecosystems has been shown to be substantial in certain situations. Although some studies have detailed the role of living fish in nutrient transport and cycling (e.g. Meyer and Schultz 1985; Tatrai and Istvanovics 1986; Brabrand et al. 1990 ), the few studies related to fish carrion decomposition have demonstrated significant ecosystem effects, particularly with respect to N and P cycling. For example, Kitchell et al. (1975) found that 75% of the total watercolumn P of Lake Wingra was tied up in fish biomass and that fish production fixed 60-70% of the total annual P input. Given that only about half of the fish biomass P would be remineralized during fish carrion decomposition, they calculated that 30-359'0 of the annual P input would be lost to the sediments as fish bone and scales. As noted previously, migrating salmon also contrib- Terres (1987) . t Total P = dm biomass x 0.0158 (see Table I ). $Total N = d& biomass x 0.0828 (see Table I ). ute significant pulses of nutrients to stream ecosystems (Richey et al. 1975; Kline et al. 1990 ). In addition, Hall (1972) noted that in the headwaters ofNew Hope Creek, North Carolina, migratory fish were important contributors to P reserves, especially during the low-flow summer months.
Although waterfowl populations have only rarely been included in previous estimates of aquatic ecosystem nutrient budgets (e.g. Manny et al. 1975) , these animals may function as a substantial storage pool of nutrients in certain habitats. For example, at the Bosque del Apache National Wildlife Refuge along the Rio Grande in New Mexico, over-wintering waterfowl populations average 47,000 birds (Table 3) for 5 months (October-February), with a midwinter peak of 102,000 birds. With an available marsh area of 526 ha, the winter waterfowl density ranges from 89 up to 194 birds ha-'. At these densities, total standing-crop waterfowl P is -1.43-3.12 kg ha-], and total waterfowl N is -7.48-1 6.30 kg ha-l (Table 3) . Total P and N in the marsh water at Bosque del Apache is -0.07 mg liter-' P and <0.1 mg liter-' N (U.S. Geol. Sum. unpubl. data). If we assume a 1 -m average depth in the marsh, total water-column nutrient amounts are -0.7 kg P ha-' and 1 kg N ha-]. When we compare these values with those of Table  3 , waterfowl populations contain 2-4.5 times the amount of P and 7.5-16 times the amount of N present in the water column. If waterfowl mortality rates are high, nutrient inputs from carcass decomposition may be substantial. Although winter mortality estimates are not available for Bosque del Apache, waterfowl carcasses are readily found in the marshes. As a result of the slower decay rate for such carcasses (especially in winter), nutrient return to the aquatic ecosystem will occur over longer time periods. As with fish carrion, waterfowl carrion loses most of the carcass N and part (30%) of its P to the marsh ecosystem, though certain elements (Mg, Ca) will remain bound in the carcass. As a result, waterfowl carrion, like fish carrion, may serve as a potentially important nutrient source and sink in certain marsh ecosystems that support large populations of waterfowl.
Perhaps the most extreme example of the ecological importance of nutrient cycling from animal carcasses is the marine carrionbased community associated with oceanfloor whale carcasses (Smith et al. 1989 ). This commucity is composed of a diverse assemblage of sulfur bacteria and six species of metazoans (four bivalves, a limpet, and a snail). Whale carcasses contain organicrich materials and oils that, during microbial degradation, produce substantial quantities of sulfides. These sulfides, combined with the presence of dissolved oxygen in the bottom water, provide a suitable resource for both sulfur bacteria (e.g. Beggiatoa) and endosymbiotic chemoautotrophic sulfur bacteria and their metazoan hosts. Using clam growth rates to date time of death, Smith et al. (1989) estimated that large (20 m) whale carcasses take at least 3-17 yr to decompose. On the basis of fossil evidence of whale-carrion/clam associations, carrion-based deep-sea communities have apparently existed for at least 35 x lo6 yr (Squires et al. 199 1) . Over this time period, marine scavengers have evolved significant camon-feeding morphological adaptations (e.g. Dahl 1979) . In this circumstance, nutrient cycling during camon decomposition emerges as the primary factor regulating the structure and functioning of the entire community.
Data from these and other camon-related studies have shown that several factors govern nutrient cycling and decomposition of vertebrate carcasses in aquatic ecosystems. These include the species composition of the vertebrate community, the vertebrate standing-crop biomass, species-specific mortality rates, environmental conditions (pH, temperature, dissolved oxygen, current velocities, etc.), availability and composition of microbial communities, and the presence/absence and types of scavenging species. The quantitative importance of vertebrate carrion in nutrient cycles clearly will be site-specific and vary from insignificance to being the primary source of nutrients. Therefore, in at least some aquatic ecosystems, carrion contributions to nutrient cycling can be substantial and should be included in formulating nutrient budgets, cycle dynamics, and management strategies.
